INTRODUCTION
In the embryonic central nervous system (CNS) development, neural progenitors produce a large number of neuronal subtypes with distinct cellular and physiological properties. The specification of neuronal subtype identity is precisely controlled in space and time by cooperative actions between extrinsic signals, which are locally provided, and cell intrinsic transcription factors (Jessell, 2000) . Chromatin modifications affect transcription profoundly (Berger, 2007) and thus likely function as critical regulatory points that orchestrate changes of numerous gene expressions during neuronal cell fate specification. However, the molecular mechanisms by which extrinsic and intrinsic cues collaboratively trigger chromatin modifications are poorly understood in CNS development.
To tackle these issues, the specification of spinal motor neurons serves as a good model system, as the role of extracellular signals and transcription factors is relatively well defined in this context. Sonic hedgehog (Shh) secreted from the notochord and floor plate is involved in specifying uncommitted neural progenitors into motor neuron progenitors (pMN cells; Lee and Pfaff, 2001; Marquardt and Pfaff, 2001) . Retinoic acid (RA), a bioactive derivative of vitamin A, is also an extrinsic signal essential for motor neuron differentiation (Appel and Eisen, 2003; Maden, 2007) . Paraxial mesoderm surrounding the neural tube expresses retinaldehyde dehydrogenase-2 (Raldh2) enzyme, which converts retinaldehyde to RA, during neural tube formation and the spinal cord development (Novitch et al., 2003) . RA secreted by paraxial mesoderm directs progressive steps in motor neuron specification; induction of pMN transcription factors Pax6 and Olig2, promotion of panneuronal differentiation and motor neuron specification (Novitch et al., 2003; Sockanathan et al., 2003) . Consistently, vitamin A deficiency in quail embryos impairs motor neuron generation and motor axonal projections in the embryonic spinal cord (Maden et al., 1996; Wilson et al., 2004) .
RA regulates transcription by binding nuclear hormone receptors retinoic acid receptors (RARs), which form an obligatory heterodimer with their paralogs retinoid X receptors (RXRs; Maden, 2007) . Without RA, RAR suppresses transcription by recruiting corepressor complexes containing histone deacetylases (Glass and Rosenfeld, 2000) . Upon RA-binding, RAR undergoes a dramatic structural change, permitting an exchange of corepressors for coactivators such as CBP and p300, which evoke transcriptional activation through their histone acetyltransferase (HAT) activity (Chakravarti et al., 1996; Kamei et al., 1996; Glass and Rosenfeld, 2000) . The activation function 2 (AF2) domain of RAR is required for RA-dependent recruitment of coactivators, including CBP/p300, to RAR (Chakravarti et al., 1996; Glass and Rosenfeld, 2000; Kamei et al., 1996) . RARs and RXRs are highly expressed in the neural tube (Diez del Corral et al., 2003) , suggesting their roles in neural development. Indeed, blocking RAR function prevented the specification of motor neurons in the chick neural tube (Novitch et al., 2003) . RA signaling also triggers neurogenesis in multi-potent mouse embryonic cells, chick neural tube, and Xenopus embryos (Diez del Corral et al., 2003; Maden, 2002 Maden, , 2007 . Despite accumulating evidences that RA-signaling and RARs are involved in motor neuron specification and neurogenesis, the molecular mechanism underlying their function and the downstream target genes of RA-bound RARs during neural development have been elusive.
Proneural basic helix-loop-helix (bHLH) factors play critical roles in triggering neuronal differentiation (Bertrand et al., 2002) . For instance, bHLH factors Neurogenin1 (Ngn1, Neurog1) and Neurogenin2 (Ngn2, Neurog2) promote the cell cycle withdrawal and neurogenesis and simultaneously inhibit astrogenesis (Farah et al., 2000; Lee et al., 2005; Nieto et al., 2001; Sun et al., 2001) . Analysis of mutant embryos deficient in Ngn1 and Ngn2 revealed that Ngn1 and Ngn2 are required for neurogenesis and motor neuron fate specification in the ventral spinal cord (Scardigli et al., 2001) . Supporting the role of Ngn2 in motor neuron fate decision, we have shown that Ngn2 collaborates with the motor neuron-specifying LIM-complex, containing LIM homeodomain (LIM-HD) transcription factors Isl1 and Lhx3, to specify motor neurons in the embryonic spinal cord and P19 stem cells (Lee et al., 2004; Lee and Pfaff, 2003) . Ngn2 binds E box DNA elements in the enhancer region of a motor neuronspecific gene Hb9 and directly upregulates the expression of Hb9 (Lee et al., 2004; Lee and Pfaff, 2003) .
Here, we show that RA-signaling and Ngn2 cooperate for motor neuron specification through their synergistic activity to establish transcriptionally active chromatin. CBP plays an essential role in coupling RA-signaling and Ngn2 function for motor neuron development. Specifically, RAR forms a complex with Ngn2 and is thereby recruited to E boxes of motor neuron genes targeted by Ngn2. The extrinsic signal RA subsequently facilitates the recruitment of CBP to the Ngn2/RAR-complex, which in turn induces chromatin alterations in motor neuron genes, leading to transcriptional activation. Indeed, timely inactivation of CBP in the differentiating motor neurons results in severe defects in motor neuron specification and axon pathfinding, accompanied by reduced active chromatin markers in motor neuron genes. Our findings define a developmental regulatory strategy that directly couples extrinsic signals and intrinsic transcription factors for chromatin changes in neuronal genes and neuronal cell-type determination.
RESULTS
A Crosstalk between RA-Signaling and Ngn2 via Association between Ngn2 and RAR As the extrinsic RA-signaling and the intrinsic transcription factor Ngn2 share the ability to specify motor neurons in the embryonic spinal cord through the transcriptional activator function of Ngn2 and RA-bound RAR, we considered the possibility that a developmental program exists to functionally couple their activities in controlling motor neuron generation. To test this, we examined the effect of RA on Ngn2 transactivation using the Ngn2-responsive luciferase reporter E box:LUC (Lee et al., 2005) . In P19 cells expressing no Ngn2, RA had no effect on this reporter ( Figure 1A) , consistent with the fact that the E box:LUC reporter lacks RAR response elements (RAREs). E box:LUC was transactivated by Ngn2 but not by Ngn2-AQ, a Ngn2 point mutant unable to bind E box (Lee and Pfaff, 2003;  Figure 1A ). Strikingly, RA augmented transactivation of this reporter by Ngn2, but not by Ngn2-AQ, suggesting that RA-dependent activation of E box elements requires the DNA-binding activity of Ngn2.
To define the basis of the RA-dependent enhancement of Ngn2 transactivation on E box elements, we examined the association between RAR and Ngn2 in cells using coimmunoprecipitation (coIP) assays. In HEK293 cells transfected with RARa and Flag-tagged Ngn2, RARa was present in the Ngn2-containing protein complex immunopurified by anti-Flag antibody independently of the presence of RA ( Figure 1B ). Ngn2 also interacted with RARb and RARg in coIP assays (see Figure S1 available online). Thus, RARs and Ngn2 associate in a RA-independent manner in cells. These results exclude the possibility that RA stimulates Ngn2 transactivation by enhancing the association of RAR and Ngn2. Thus, we asked whether RA potentiates Ngn2 function by recruiting the transcriptional coactivators to the Ngn2/RAR complex. To test this, we employed RAR DAF2 , a RARa mutant lacking the C-terminal AF2 domain that binds the coactivators in the presence of RA. Because RAR DAF2 binds RA and its cognate response element RARE but is specifically impaired for binding coactivators in response to RA, it acts as a dominant-negative mutant to inhibit RA-dependent RAR transactivation on RARE in cells (Glass et al., 1997) . coIP assays revealed that RAR DAF2 also associates with Ngn2 in a RA-independent manner ( Figure 1C ). Interestingly, RAR DAF2 inhibited RA from promoting Ngn2 transactivation in E box:LUC reporter assays ( Figure 1A ), indicating that RA-dependent interaction between RAR and the coactivators via the AF2 domain is required for RA to enhance Ngn2 transactivation.
These reveal that Ngn2 and RA-signaling are engaged in a mode of crosstalk, in which Ngn2 tethers RAR to E box via forming the Ngn2/RAR-complex and subsequently RA facilitates the recruitment of the AF2 domain-dependent coactivators to this complex resulting in enhanced transactivation.
RA-Signaling Stimulates Ngn2-Mediated Neurogenesis
To test whether the crosstalk with RA-signaling operates in the proneural activity of Ngn2, we used P19 cells that undergo neurogenesis upon ectopic expression of Ngn2 (Farah et al., 2000; Lee et al., 2005) . In P19 cell, Ngn2 expression triggered differentiation of neurons, as labeled by panneuronal marker TuJ ( Figure 1D ). RA treatment cooperated with Ngn2 in a synergistic manner, resulting in not only greater induction of panneuronal gene b-tubulin III expression, as detected by TuJ-staining, but also enhanced neurite outgrowth ( Figures 1D and 1E) .
Next, to test the role of endogenous RA-signaling in Ngn2-induced neurogenesis in the developing nervous system, we performed chick embryo electroporations. Forced expression of Ngn2 led to premature cell cycle exit and upregulation of panneuronal gene b-tubulin III in the medial zone of the chick neural tube (Figures 1F and 1H ; data not shown), indicating that the expression of Ngn2 triggered precocious neurogenesis in the neural tube. Remarkably, coexpression of RAR
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, which blocks RA-dependent transactivation by endogenous RAR, severely attenuated the neurogenic activity of Ngn2 in the neural tube ( Figures 1G and 1H ). These show that endogenous RAsignaling plays a crucial role for the neurogenic activity of Ngn2 in the developing spinal cord.
CBP Is a Key Effector for RA Signaling in the Crosstalk of RA and Ngn2
Our results implicate RA-dependent coactivators of RAR in the crosstalk between RA-signaling and Ngn2. Interestingly, CBP and its paralog p300 function as coactivators of both RARs, by binding RA-bound RAR via the AF2 domain of RAR, and Ngn family members (Chakravarti et al., 1996; Glass and Rosenfeld, 2000; Kamei et al., 1996; Koyano-Nakagawa et al., 1999; Sun et al., 2001; Vojtek et al., 2003) . Thus, we examined whether CBP and p300 serve as key effectors for the RA action in stimulating Ngn2 transactivation. We first tested whether RA affects the association between Ngn2 and CBP/p300 by coIP assays in HEK293 cells transfected with Ngn2. While Ngn2 bound CBP only weakly, RA greatly enhanced this interaction ( Figure 2A ). Expression of RAR further augmented the association of Ngn2 and CBP, whereas RAR DAF2 weakened this interaction (Figure 2B ). Ngn2 also bound p300, but RA did not enhance this interaction (data not shown). These suggest that RA potentiates the recruitment of CBP to the Ngn2/RAR-complex via the AF2 domain of RAR and that CBP is the critical RA-dependent coactivator of RAR involved in the crosstalk of RA-signaling and Ngn2.
Next, we explored the role of CBP in the cooperative action of Ngn2 and RA for inducing neurogenesis of P19 cells. Consistent with cellular differentiation results ( Figures 1D and 1E ), Ngn2 and RA synergized to stimulate expression of neuronal genes Neurofilament M and NeuroD, as shown by quantitative RT-PCR ( Figures 2C and 2D ). The cooperative induction of these neuronal genes by RA and Ngn2 was attenuated by downregulating CBP using siRNAs ( Figures 2C, 2D , and S2), indicating that CBP plays a critical role in neurogenesis triggered by Ngn2 and RA. To further test the role of endogenous CBP in neurogenesis triggered by Ngn2 during development of the spinal cord, we used E1A, which titrates out CBP and thus inhibits CBP function (Arany et al., 1995; Lundblad et al., 1995) . While $84% of Ngn2-expressing cells differentiate into TuJ + neurons upon electroporation of Ngn2 and LacZ, coinjection of E1A with Ngn2 markedly inhibited this neurogenic activity of Ngn2 in the spinal cord to $14% of Ngn2-expressing cells (Figures 2E and 2F) . E1ADN, which no longer binds CBP, had no effect ( Figure 2F ; data not shown). These suggest that CBP is an integral player in the synergistic action between Ngn2 and RA-signaling for driving progenitor cells to a neuronal fate. 
RA Promotes the Motor Neuron Differentiation through the Ngn2/RAR-Complex Binding to the Motor Neuron Enhancer
Ngn2 binds the motor neuron enhancer directly and activates the transcription of motor neuron genes (Lee et al., 2005; Lee and Pfaff, 2003) . The crosstalk of Ngn2 and RA-signaling raises the possibility that RA promotes a motor neuron fate, at least in part, by upregulating motor neuron genes targeted by Ngn2. To test the RA-mediated transcriptional regulation of Ngn2-target motor neuron genes, we used the motor neuron enhancer (MNe) in a motor neuron gene Hb9. MNe, consisting of E boxes for Ngn2-binding and response elements for the motor neuron specifying LIM-complex of Isl1 and Lhx3, has been well defined as a genomic target site of Ngn2 (Lee et al., 2004 (Lee et al., , 2008 Lee and Pfaff, 2003) . We examined whether RAR is recruited to MNe in chromatin context, using chromatin immunoprecipitation (ChIP) assays in P19 multipotent embryonic cells devoid of endogenous Ngn2. RAR bound to MNe in a RA-independent manner in P19 cells transfected with Ngn2, but not with Ngn2-AQ ( Figure 3A ). This indicates that RAR is recruited to MNe through forming a complex with Ngn2 that binds to E box, not through its own DNA-binding activity to RARE. Notably, MNe lacks conventional RARE sequences (data not shown; Lee et al., 2004) . As expected, RAR bound its cognate binding site b-RARE (de The et al., 1990) , independently of Ngn2 ( Figure 3A ). Like RAR, RAR DAF2 also occupied MNe when Ngn2, but not Ngn2-AQ, is coexpressed ( Figure 3B ). Next, we tested whether RA regulates the transcription of MNe:LUC reporter in P19 cells. The expression of Ngn2 with Isl1 and Lhx3 activated the reporter $70-fold ( Figure 3C ). RA enhanced the activation of MNe:LUC reporter by Ngn2 and Isl1/ Lhx3 $276-fold, whereas RA was ineffective with Ngn2-AQ ( Figure 3C ). The potent stimulation of MNe:LUC by RA was eliminated by blocking RAR-mediated recruitment of coactivator(s) with RAR DAF2 ( Figure 3C ). These suggest that RAR is recruited to Ngn2-target motor neuron genes by forming a complex with Ngn2 and that RA enhances the transcription of these motor neuron genes.
To test whether RA promotes motor neuron differentiation triggered by Ngn2, we used multipotent P19 mouse embryonic cells that acquire motor neuron phenotypes upon forced expression of Ngn2, Isl1, and Lhx3 (Lee and Pfaff, 2003) . While expression of Ngn2, Isl1, and Lhx3 triggered differentiation of Hb9 + motor neurons in $23% of the transfected cells, RA treatment augmented motor neuron differentiation to $53% ( Figures 3D,  3E , and S3A). RA failed to cooperate with Ngn2-AQ ( Figure 3E ). Likewise, RA synergized with Ngn2, Isl1 and Lhx3 to upregulate expression of motor neuron genes Hb9 and choline acetyltransferase and neuronal gene NeuroD, as monitored by quantitative RT-PCR (Figures 3F and S3B ; data not shown). These show that RA-signaling potentiates the ability of Ngn2 in inducing motor neuron differentiation of multipotent progenitor cells.
Ngn2 Requires Transactivation by RA-Bound RAR to Specify Motor Neurons in the Neural Tube To explore the role of endogenous RA-signaling in motor neuron specification regulated by Ngn2, we investigated motor neuron generation in the chick neural tube. The forced expression of Ngn2 along with Isl1 and Lhx3 triggers motor neuron differentiation in the dorsal spinal cord (Lee and Pfaff, 2003) . To test whether transcriptional activation by RA-bound RAR is needed for the ectopic production of motor neurons, we monitored motor neuron generation in the absence and presence of RAR
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Chromatin Remodeling in Motor Neuron Development that blocks RA-mediated transactivation. The expression of Ngn2 and DD-Isl1-Lhx3, a chimeric molecule that mimics the motor neuron-specifying LIM-complex containing Isl1 and Lhx3 (Lee and Pfaff, 2003) , induced ectopic motor neuron differentiation efficiently in $70% of the Lhx3 + electroporated cells in the dorsal neural tube, as monitored by a-Hb9 and a-Lhx3 antibodies ( Figures 4C-4E and 4R). Coexpression of RAR DAF2 inhibited the ectopic motor neuron differentiation to $17% of the electroporated cells, while coelectroporation of RAR wild-type did not significantly affect motor neuron generation . Expression of neither Ngn2 nor DD-Isl1-Lhx3 appeared to be affected by RAR DAF2 ( Figure 4I ; data not shown). These suggest that RA-mediated elicitation of RAR transactivation is necessary for Ngn2 to direct motor neuron specification of neural progenitors. RAR DAF2 may suppress motor neuron specification through inhibiting the activation of RARE by RA-bound RAR, rather than through blocking the activation of E box elements by the RA-bound RAR/Ngn2 complex. To distinguish between these possibilities, we employed two forms of RARa mutants, RAR DBDmt , and RAR DBDmtDAF2 ( Figure 4A ). RAR DBDmt , a point mutant of 58 th RAR residue cysteine to alanine, is specifically impaired in binding RARE (Chen and Lohnes, 2005) . The DNA-binding defective RAR mutants have been shown to interfere with RAdependent activation of RARE, because such mutants lower the intracellular availability of the functional RAR/RXR heterodimer and its coactivators (Shen et al., 1993) . RAR DBDmtDAF2 is defective in both RARE binding and RA-dependent transactivation and, thus, RAR DBDmtDAF2 is ineffective in blocking RA-dependent activation of RARE in P19 cells (Chen and Lohnes, 2005 Figures 4L-4N and 4R ), suggesting that inhibition of RA-dependent activation of RARE does not interfere with motor neuron specification by Ngn2 and DD-Isl1-Lhx3. However, RAR DBDmtDAF2 antagonized the motor neuron generation by Ngn2 and DD-Isl1-Lhx3 ( Figures 4O-4R ), despite its inability to suppress the activation of RARE. These results demonstrate that the RARE-binding activity is not essential for RAR DAF2 to block motor neuron specification. These suggest that endogenous RA-signaling promotes the ectopic generation of motor neurons through the Ngn2/RAR-complex bound to E boxes of motor neuron genes, rather than via RAREs.
To further test the physiological involvement of RA-signaling during motor neuron specification by Ngn2, we focused our analysis on the endogenous motor neuron domain in the ventral spinal cord. Previous studies found that inhibition of RAsignaling with RAR DAF2 prevents the expression of Ngn2 and Isl1 in the chick neural tube (Novitch et al., 2003) . To test whether RAR activation is required downstream or in parallel with Ngn2 and Isl1, we analyzed motor neuron differentiation of pMN progenitors that express RAR wild-type or mutants along with Ngn2 and DD-Isl1-Lhx3 in the chick neural tube. The expression of RAR wild-type or RAR DBDmt displayed little effect on motor neuron generation ( Figures 4F-4H, 4L-4N , and 4S). In contrast, RAR DAF2 and RAR DBDmtDAF2 suppressed motor neuron formation in the ventral spinal cord despite high levels of expression of Ngn2 and DD-Isl1-Lhx3 ( Figures 4I-4K , 4O-4Q, and 4S; data not shown). These suggest that RAR activation by endogenous RA-signaling is needed for Ngn2 to direct the differentiation of pMN progenitors to motor neurons via RARE-independent mechanism.
Our data establish that RA signaling and Ngn2 cooperate to induce motor neuron differentiation in the developing spinal cord. Furthermore, these suggest the necessity of the AF2 domain of RAR in recruiting coactivator(s) to the RAR/Ngn2-complex and the dispensability of RARE-binding activity of RAR in the crosstalk of RA-signaling and Ngn2 for the specification of motor neuron fate.
RA-Signaling Facilitates the Recruitment of CBP to the Motor Neuron Enhancer
Given that CBP serves as an effector to integrate RA-signaling and Ngn2 function (Figure 2) , CBP is predicted to play important roles in motor neuron gene regulation. To test this, we examined whether CBP occupies MNe in chromatin using ChIP assays. P19 cells were transfected with Ngn2 and treated with either vehicle or RA. The chromatin fragments recruiting CBP were purified using a-CBP antibody. While CBP binding to MNe was inefficient without RA, RA addition strongly enhanced the recruitment of CBP to MNe ( Figure 5A ), consistent with the facilitated association between Ngn2 and CBP in the presence of RA-bound RAR (Figures 2A and 2B ). CBP-binding to MNe was not detected in P19 cells without forced expression of Ngn2 even with RA (data not shown), indicating that Ngn2 is crucial to recruit CBP to MNe. This agrees with the necessity for the DNA-binding activity of Ngn2 in recruiting RAR to MNe ( Figure 3A) . In contrast, p300 binding to MNe was not enhanced by RA (data not shown). Thus, RA facilitates the recruitment of CBP to the motor neuron enhancer occupied by the Ngn2/RAR-complex.
Deletion of CBP in the Developing Spinal Cord Results in Severely Impaired Motor Neuron Specification Our findings predict that inactivation of CBP in differentiating motor neurons impairs motor neuron development. To test this, we analyzed the embryonic spinal cord in mice deficient in CBP and its paralog p300. To circumvent the early lethality of CBP-and p300-knockout mice (Tanaka et al., 2000; Yao et al., 1998) and to inactivate CBP and p300 specifically in the developing spinal cord, we bred mice carrying floxed CBP or p300 alleles (Kang-Decker et al., 2004; Kasper et al., 2006) with Nestin-Cre mice (designated as N + mice), which express Crerecombinase in neuroblasts (Betz et al., 1996) . CBP and p300 are widely expressed in embryos but relatively enriched in the neural tube ( Figure S4 Figures 5F, 5K , 5P, 5U, and S8-S11), suggesting that the general neuronal differentiation program is relatively intact in these mutants. Interestingly, however, V2a-interneurons were more scattered ventrolaterally in CBP/p300 mutants ( Figures 5F, 5K , 5P, 5U, and S6-S8). These establish that CBP and, to lesser degree, p300 are required for the specification of motor neurons.
Motor Neurons Deficient in CBP Show Aberrant Motor Neuron Cell Body Migration
Our analysis of CBP/p300 mutants also revealed some mislocalized motor neuron somata. In E11.5-12.0 CBP f/f ;N + embryos, $10% of total Hb9 + motor neurons showed somata in the motor axonal tract outside the spinal cord at thoracic levels (parentheses in Figures 5G, 5K , and 5W). These extraspinal Hb9 + cells expressed other motor neuron markers, such as Isl1, Isl2, and vesicular acetylcholine transporter (VAChT), confirming their motor neuron identity ( Figures 5H-5J ). Approximately 3% and 12% of motor neurons emigrated into the periphery in thoracic levels of E11. Figures 5Q, 5R , 5U, 5W, S9, and S10). These data suggest that CBP and, to lesser degree, p300 are required for confining cell bodies of motor neurons in the spinal cord. Neural crest-derived boundary cap cells located at the motor exit point are required for retaining motor neuron somata to the spinal cord (Vermeren et al., 2003) . Thus, the extraspinal motor neurons in CBP/p300 mutants may result from the loss of boundary cap cells rather than cell-autonomous defects of motor neurons. Immunostaining with boundary cap cell markers Krox20 and Sox2 revealed that boundary cap cells are formed in the vicinity of motor exit points in CBP that the extraspinal location of motor neurons in CBP/p300 mutants reflects defects intrinsic to motor neurons, as is the case with mutant embryos lacking motor neuron-specific transcription factor Hb9 or Isl2 (Arber et al., 1999; Thaler et al., 1999 Thaler et al., , 2004 . Thus, some CBP/p300-deficient spinal motor neurons fail to observe the boundary between CNS and the periphery likely due to impaired communication of motor neurons with peripheral signals which constrain motor neuron somata, resulting in erroneous migration of motor neuron cell bodies to the motor axonal tract in the periphery.
Motor Neuron Axon Projection Is Disorganized in CBP Mutants
The deficits in initial motor neuron specification in CBP/p300 mutants likely lead to defects in motor axonal trajectory. To test this, we performed immunostaining with VAChT antibody, which labels motor axons specifically. The projection of motor axons was markedly perturbed in E12.0 CBP-inactivated embryos ( Figures 6A-6F ). Many CBP-inactivated motor axons projected dorsally toward the roof plate within the spinal cord. While some motor axons reached the roof plate (top yellow arrow in Figures 6D and 6F ), many motor axons projected to the dorsal root entry zone (DREZ) and, strikingly, often exited the spinal cord through DREZ and invaded to the dorsal root ganglion (DRG) (pink arrows in Figures 6D and 6F ). In contrast, the motor neuron cell bodies settled only in the ventral spinal cord and did not inappropriately migrate to the dorsal spinal cord ( Figures 6E  and 6F ). We also observed that a few CBP-deleted VAChT + motor axons were extended medially toward the midline and stalled around the central canal (bottom yellow arrow in Figures 6D  and 6F ). Motor axons of control embryos were extended ventrolaterally and exited only through the ventral motor exit point ( Figures 6A and 6C ). Like the extraspinal motor somata phenotypes, p300-inactivated motor neuron axons displayed similar but milder phenotypes than CBP-deleted motor neurons ( Figures  6K-6N) . Consistent with the profound disruption in motor neuron specification, motor axon trajectories in CBP f/+ ;p300 f/f ;N + embryos were more severely impaired, as shown by higher 
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Chromatin Remodeling in Motor Neuron Development incidence of motor axonal projection toward DREZ and multiple VAChT + -motor axonal bundles innervating DRGs (arrows in Figures 6O and 6R ). This perturbation in initial motor axonal trajectory was accompanied by marked, albeit variable, defasciculation for motor axonal projections in the periphery (data not shown). These demonstrate that the disturbed motor neuron specification in CBP/p300 mutants coincides with their erroneous motor axon projection. The motor axon pathfinding defects prompted us to test whether motor connectivity with target muscles in CBP mutant is impaired. Thus, we performed immunostaining with neurofilament antibody to visualize motor nerve innervation and anti-bungarotoxin labeling to detect clusters of acetylcholine receptors (AChRs) on the muscle cells. In our analysis of the neuromuscular junctions between the phrenic motor nerve and the diaphragm muscle, we found that motor axonal projection and branch formation were compromised in CBP f/f ;N + embryos ( Figure S13 ), indicating defects in the muscle innervation by CBP-inactivated motor axons. AChR clusters were also scattered over wider regions of the muscle surface ( Figure S13 ). These indicate that CBP and, to lesser degree, p300 are required for proper motor axon pathfinding and muscle innervation.
Motor Neuron-Specific Deletion of CBP Leads to Deficits in Motor Neuron Development
To further test whether CBP is required for Ngn2 and Isl1/Lhx3 to trigger motor neuron fate, we generated mouse mutants in which CBP is specifically deleted in differentiating motor neurons expressing Ngn2, Isl1, and Lhx3 (Lee and Pfaff, 2003 Figures 7I and 7N) . Third, VAChT + -motor axons exiting the spinal cord were severely defasciculated and the motor axon exit point became substantially wider (yellow arrows in Figures 7K and 7L) . Fourth, motor axons projected dorsally and often exited through DREZ and innervated to DRGs (pink arrows in Figures 7K and 7L ). Despite profound defects in motor neuron-fate specification, we failed to detect any increase in the death of motor neurons in CBP f/+ ;p300 f/f ;Isl1-Cre + embryos (data not shown), indicating that the reduced number of motor neurons is not due to increased cell death. These indicate that the cell-type specification of motor neurons is impaired upon the timely inactivation of CBP/p300 during cell fate assignment, and thus establish the motor neuron cell-autonomous requirements of CBP/p300. Given the RA-dependent recruitment of CBP to the Ngn2-target motor neuron enhancer, these data support the idea that CBP plays essential roles in motor neuron specification program governed by Ngn2 and RA signaling.
RA Triggers the Transcriptionally Active Chromatin in the Motor Neuron Enhancer through the Ngn2/RAR/CBP Complex Considering that the Ngn2/RAR-complex facilitates the recruitment of CBP to the motor neuron enhancer in response to RA and that motor neuron generation is impaired in CBP mutants, it is possible that CBP, a prominent HAT enzyme, induces histone acetylation of motor neuron genes in response to RA, thereby playing critical roles in translating RA-signal into the transcriptional activation of target motor neuron genes of the Ngn2/RARcomplex. To test this, we examined the RA-dependent changes in various histone modifications of MNe using ChIP assays in P19 cells. RA-treatment of Ngn2-expressing P19 cells led to a prominent elevation of histones H3 and H4 acetylation in MNe ( Figure 8A ), coincident with recruitment of CBP ( Figure 5A ). Moreover, RA also markedly enhanced H3-lysine-4-trimethylation, a marker for active chromatin, and reduced H3-lysine-9-dimethylation, a marker for inactive chromatin ( Figure 8A ). These suggest that RA-signaling induces transcriptionally active chromatin in motor neuron genes targeted by the Ngn2/RAR-complex. As CBP is specifically recruited to MNe in response to RA-signaling, it is likely to be a critical enzyme for RA-dependent stimulation of histone H3 and H4 acetylation in MNe. To test this, we performed ChIP assays with E12.5 mouse embryonic spinal cords dissected from CBP mutants. Compared to control littermates, H3-acetylation levels in MNe were markedly reduced in CBP mutants ( Figure 8B ). H3-lysine-4-trimethylation in MNe was also diminished ( Figure 8C ). H3-acetylation levels in GAPDH promoter were comparable between CBP mutants and their control littermates (data not shown). These demonstrate that CBP plays central roles in coordinating histone modifications to establish transcriptionally active chromatin in motor neuron genes during spinal cord development.
DISCUSSION
In CNS development, various inductive signals and transcription factors controlling cell fate specification have been relatively well defined (Jessell, 2000) . However, two key questions remain unclear. First, how are these extrinsic and intrinsic cues coupled for the timely activation of genes for neuronal cell fate specification? Second, how is chromatin configuration regulated during neurogenesis? In this study, we addressed these issues in the development of spinal motor neurons. We found that RA-signaling and Ngn2 cooperate to recruit CBP to motor neuron genes, which in turn establishes transcriptionally active chromatin. This study provides a molecular understanding of how chromatin modifying enzymes are selectively recruited to a specific cohort of target genes to promote specification of neuronal subtypes during vertebrate development. The Ngn2/RAR-Complex as a Sensor for the Extrinsic Signal RA RA-signaling plays critical roles in neurogenesis and sequential phases of motor neuron development (Appel and Eisen, 2003) . Blockade of RAR transactivation using RAR DAF2 mutant interfered with motor neuron generation in the chick neural tube, implicating RA-bound RAR as a major transcriptional activator for motor neuron fate specification (Novitch et al., 2003) . However, the transcriptional mechanism by which RA-signaling induces motor neuron fate and the downstream target genes of RA-bound RAR in these processes remain unidentified. Our studies reveal a specific mechanism for RA to direct a motor neuron fate, which operates during the transition of Ngn2 + pMN cells into postmitotic motor neurons ( Figure 8D ). During spinal cord development, expression of Ngn2 and RAR primes neural progenitors for motor neuron differentiation. The Ngn2/ RAR-complex is recruited to motor neuron genes via Ngn2-binding E boxes, but is transcriptionally inefficient. The arrival of the environmental signal RA then triggers motor neuron differentiation by facilitating recruitment of CBP to the Ngn2/RARcomplex, which in turn establishes transcriptionally active chromatin in motor neuron genes. In this scheme, the Ngn2/ RAR-complex in pMN cells acts as a molecular sensor to detect the presence of extrinsic RA-signal, which controls the timing of motor neuron differentiation. This model is consistent with the previous reports that RA deficient quail and mouse embryos as well as Ngn2 mutant mouse embryos show severe defects in motor neuron differentiation (Novitch et al., 2003; Scardigli et al., 2001; Wilson et al., 2004) .
Our studies show that RA-bound RAR stimulates Ngn2-dependent motor neuron differentiation by binding and transactivating non-RAREs (i.e., E boxes), uncovering a key role for RARE-independent action of RA in vertebrate embryonic development. We found that proneural bHLH proteins Ngn1 and Mash1 also associate with RAR in a RA-independent manner (data not shown). Interestingly, a muscle-specific bHLH factor MyoD forms a complex with RAR/RXR heterodimer, recruiting RAR/RXR to specific MyoD-binding E box elements during RA-induced myoblast differentiation (Froeschle et al., 1998) . Thus, functional convergence of cell-type-specific bHLH factors with RA-signaling through formation of a RAR-bHLH protein complex may be involved in a broad range of cell fate decision during development.
The expression level of proneural bHLH factors has been thought to determine the activation of their target genes, as they act as potent transcriptional activators by dimerizing with E proteins and binding E boxes (Bertrand et al., 2002) . However, recent evidences suggest that the activity of proneural bHLH proteins can be regulated by extrinsic signals. Akt kinases augment the transcriptional activity of Ngn3 by enhancing complex formation between Ngn3 and p300 (Vojtek et al., 2003) . The temporal phosphorylation of Ngn2 facilitates the interaction between Ngn2 and a cofactor NLI for motor neuron specification (Ma et al., 2008) . Our findings, together with these reports, suggest that extrinsic signals regulate the proneural activity of bHLH factors by controlling the recruitment of coactivators. This may represent important regulatory steps for neuronal subtype specification.
A Critical Role of CBP for the Development of Motor Neurons Posttranslational modification of histone tails has been extensively studied as an important regulatory code for gene expression (Berger, 2007) . Particularly, histone H3/H4-acetylation and H3-lysine-4-trimethylation have been linked to transcriptionally active or poised chromatin (Ruthenburg et al., 2007) . Recent studies suggest that chromatin remodeling serves as an important cell intrinsic mechanism for cell-lineage specification during neural development (Hsieh and Gage, 2005; Lessard et al., 2007) . However, little is known about how histone modifications are controlled in a spatially and temporally regulated manner during CNS development and how such chromatin changes affect neuronal lineage specification. Our studies demonstrate an essential histone-modifying mechanism underlying the transition from progenitor cells to motor neurons, which is regulated by extrinsic RA signaling. RA recruits a HAT enzyme CBP to the Ngn2/RAR-complex that occupies motor neuron genes ( Figure 8D ). This may involve a coordinated mobilization of multiple independent interfaces in CBP; at least one for RA-bound RAR and the other for Ngn2. In accordance with its role in facilitating recruitment of CBP to the motor neuron enhancer, RA strongly induces transcriptionally active chromatin on the motor neuron gene Hb9, marked by histone H3/H4-acetylation and H3-lysine-4-trimethylation. Correspondingly, removal of CBP in differentiating motor neurons results in marked deficits in motor neuron specification and axon pathfinding, as well as reduction in histone H3-acetylation and H3-lysine-4-trimethylation in the motor neuron enhancer.
Given that RA-signal triggers both histone H3/H4 acetylation and H3-lysine-4 trimethylation, it is interesting to speculate that RA-signal recruits not only HAT enzyme CBP but also histone methyltransferase complexes mediating H3-lysine-4 trimethylation to motor neuron genes. At least two related H3-lysine-4-methyltransferase complexes are associated with RAR in an RA-dependent manner (Lee et al., 2006) . Thus, these complexes may play important roles in RA-induced motor neuron gene expression during the spinal cord development. An intriguing possibility is that RA-signaling functions as an extrinsic cue to tightly couple the activities between HAT-complexes containing CBP and histone methyltransferase complexes in motor neuron genes, thereby establishing a chromatin landscape that favors motor neuron differentiation. Notably, H3-lysine-4-methyltransferase complexes associate with CBP (Ernst et al., 2001; Goto et al., 2002; Petruk et al., 2001) . Our finding that the removal of CBP in the spinal cord leads to the reduction in both histone H3-acetylation and H3-lysine-4 trimethylation is consistent with the notion that histone acetylation and H3-lysine-4 trimethylation are coordinately regulated to generate transcriptionally active chromatin.
In conclusion, we present extrinsic RA signaling as a temporal switch that triggers chromatin changes in motor neuron genes, via a crosstalk between RAR and Ngn2, which subsequently induces motor neuron differentiation. Furthermore, we show that, in this crosstalk, a HAT enzyme CBP plays critical roles in RA-dependent chromatin remodeling for motor neuron genes, thereby enabling proper motor neuron development.
EXPERIMENTAL PROCEDURES
Mice Generation
The generation of CBP flox , p300 flox , Nestin-Cre, and inducible Isl1-MerCreMer mice has been described previously (Betz et al., 1996; Sun et al., 2007; Tanaka et al., 2000; Yao et al., 1998) . CBP f/f or p300 f/f mice were crossed with NestinCre lines (designated as N + mice) or Isl1-MerCreMe mice (designated as Isl1-Cre + mice).
In Ovo Electroporation and Immunohistochemistry
In ovo electroporation and immunohistochemistry were performed as described (Thaler et al., 1999) . Briefly, plasmid DNA was injected into the lumen of the neural tube of HH stage 13 chick embryos which were then electroporated. The embryos were harvested at HH stage 20-26, fixed in 4% paraformaldehyde, embedded in OCT, and cryosectioned at 12-18 mm.
Luciferase and P19 Cell Differentiation Assays, Coimmunoprecipitation (coIP), and Chromatin Immunoprecipitation (ChIP) Assays These assays were performed as described previously (Joshi et al., 2009 ) in P19 mouse carcinoma cells, human embryonic kidney 293 cells, or mouse embryonic spinal cord cells. For P19 cell differentiation assays, P19 cells were transfected using Lipofectamine 2000 (Invitrogen) and analyzed 3 days posttransfection by quantitative RT-PCR or immunohistochemistry. 0.5-1 mM all-transretinoic acid (Sigma) or vehicle was treated for 48 hr prior to cell harvest. Total RNA was extracted with mini-kit (QIAGEN) and reverse transcription (RT) was performed using Superscript III (Invitrogen). The levels of mRNA were determined using quantitative RT-PCR (Mx3000P, Stratagene).
Additional experimental procedures and reagent information are provided in the Supplemental Data.
SUPPLEMENTAL DATA
Supplemental Data include thirteen figures and Supplemental Experimental
Procedures and can be found with this article online at http://www.cell.com/ neuron/supplemental/S0896-6273(09)00349-3.
